Abstract This research presents a feasibility study of using a continuous packed-bed reactor (PBR), containing immobilised native plant cysteine proteases, as a specific and mild alternative technique relative to the usual bentonite fining for white wine protein stabilisation. The operational parameters for a PBR containing immobilised bromelain (PBR-br) or immobilised papain (PBR-pa) were optimised using model wine fortified with synthetic substrate (Bz-PheVal-Arg-pNA). The effectiveness of PBR-br, both in terms of hazing potential and total protein decrease, was significantly higher than PBR-pa, in all the seven unfined, white wines used. Among the wines tested, Sauvignon Blanc, given its total protein content as well as its very high intrinsic instability, was selected as a control wine to evaluate the effect of the treatment on wine as to its soluble protein profile, phenolic composition, mineral component, and sensory properties. The treatment in a PBR containing immobilised bromelain appeared effective in decreasing both wine hazing potential and total protein amount, while it did not significantly affect the phenol compounds, the mineral component nor the sensory quality of wine. The enzymatic treatment in PBR was shown to be a specific and mild technique for use as an alternative to bentonite fining for white wine protein stabilisation.
Introduction
Haze or turbidity in a transparent medium is the optical phenomenon caused by the presence of small suspended particles that divert light from its regular course. During the storage of bottled white wines grape proteins, that are stable in wine at normal environmental temperatures (Falconer et al., 2010) . can become insoluble thus leading to haze formation, which represents a serious quality defect for consumers (Vincenzi et al., 2011) .
The mechanism of protein haze formation in white wine is not fully understood, despite the major worldwide efforts to investigate this phenomenon (Waters et al., 2005) . Research has indicated that protein instability is not dependent on the total protein content of the wine (Bayly and Berg, 1967; Moretti and Berg, 1965) but rather on pathogen-related (PR) proteins, which include chitinases (CH) and thaumatin-like proteins (TLPs) (Waters et al., 2005; Le Bourse et al., 2011; Marangon et al., 2012) . Recent studies proved that grape CH represents the primary cause of haze formation, confirming the key role of sulphate in the formation of visible haze aggregates (Marangon et al., 2011a, b) .
The technique currently used for removal of unstable hazeforming proteins from wine, absorption onto bentonite, is nonspecific and can also impair wine quality. As well as proteins, bentonite removes various molecules or aggregates involved as aroma and flavour compounds, thus causing an overall reduction of wine organoleptic properties (Ferreira et al., Electronic supplementary material The online version of this article (doi:10.1007/s13197-015-2125-4) contains supplementary material, which is available to authorized users.
2002; Sauvage et al., 2010) . Finally, the use of different kinds of bentonite may cause significant variation in the concentration of micro-elements (Catarino et al., 2008) . Furthermore the disposal of spent bentonites constitutes a non-negligible source of waste.
To date there is still a need to develop specific and effective methods for white wine protein stabilisation, despite the fact that numerous procedures, alternative to bentonite, have been investigated. These include application of other adsorbents (Gump and Huang, 1999; Cabello-Pasini et al., 2005) , treatment with zirconia in continuous and batch mode (Pashova et al., 2004) . ultra-filtration (Miller et al., 1985) . flash pasteurization (Pocock et al., 2003) . and use of proteolytic enzymes (grape, yeast and exogenous proteases) in free form (Marangon et al., 2012; Modra and Williams, 1988) . Modra and Williams (1988) tested commercial proteolitic enzyme preparations as alternative to bentonite fining, including a commercial undetailed beomelain from unknown source (fruit or stem). Earlier reports on structural and kinetic analyses revealed that stem bromelain differed markedly in their enzymatic activity from fruit bromelain. From the results, it was concluded that the stem bromelain showed more enzymatic activity than fruit bromelain (Gautam et al., 2010) .
This work on native plant cysteine proteases (NPCP) follows other studies in which bromelain from pineapple stem Benucci et al., 2012) and papain from Carica papaya latex (Benucci et al., 2013 ) were shown to demonstrate proteolytic activity in model wine fortified with synthetic substrate even in the presence of wine inhibitors . Moreover, in a preliminary screening study, stem bromelain immobilised on chitosan beads, after a daily treatment in a lab-scale stirred reactor, revealed a high capacity to reduce haze potential in wine (Benucci et al., 2014) .
One ideal solution for protein stabilisation, suitable for industrial-scale use, would be the treatment of unstable white wine in a continuous flow reactor, such as packed-bed reactor (PBR), so as to assure the reuse of immobilised NPCP without a separation step. In addition a PBR is more cost effective than batch operation and the easy automation and control of the system allow a greater productivity, as well as an improved enzyme stability (Laudani et al., 2007) .
This research represents a feasibility study concerning the use of a continuous PBR, containing immobilised NPCP, as a specific alternative technique to bentonite fining for white wine protein stabilisation in laboratory bench-scale apparatus. The aims of the present work are: i) to design a continuous and easily scalable PBR; ii) to optimise the reactor flow conditions; iii) to prove the efficacy of immobilised NPCP in decreasing white wine hazing potential; iv) and to compare the efficacy of PBR and bentonite treatment in enhancing the overall quality of a Sauvignon blanc.
Materials and methods

Enzyme, chemicals and wines
Two NPCP from Sigma-Aldrich (Milan, Italy), namely stem bromelain (EC 3.4.22.32 ) and papain (EC 3.4.22 .2), containing respectively 29 % and 37 % w/w of protein (Bradford, 1976) . were immobilised on commercial chitosan beads by a direct mechanism at pH 3.2 (Chitopearl BCW-3010, Wako Chemicals GmbH, Neuss, Germany) (Benucci et al., 2012) . At the end of immobilisation period biocatalysts were extensively washed with 2 M NaCl to remove all non-covalently bound enzymatic proteins.
The selected synthetic tripeptide chromogenic substrate, Bz-Phe-Val-Arg-p-nitroaniline (pNA), was purchased from Bachem (Bubendorf, Switzerland). All other reagents were obtained from Sigma-Aldrich (Milan, Italy).
The wine-like acidic medium, mimicking wine conditions, was a solution of tartaric acid/sodium tartrate at 0.03 mol, pH 3.2, containing ethanol (12 % v/v). Seven different unfined monovarietal white wines (Moscato di Terracina, Malvasia del Lazio, Malvasia di Candia, Chardonnay, Manzoni bianco, Riesling, Sauvignon blanc), produced during the 2012 vintage in Lazio (a central region of Italy), were used as samples, and their oenological parameters were determined according to European official methods of analysis (European Commission, 1990) . Before testing, all wines were filtered through a PES membrane filter (0.45 μm pore size, Sartorius Stedim Biotech GmbH, Antella (FI), Italy).
Enzymatic activity assay The activity of immobilised bromelain and papain was tested, at 20°C, in wine-like acidic medium fortified with the selected substrate (Bz-Phe-Val-ArgpNA, 0.22 mmol). Both NPCP cleave synthetic substrate via the hydrolysis of the ester bond between amino acids in the Nterminal position and pNA, whose release was detected spectrophotometrically at 410 nm.
Immobilised NPCP activity was determined by measuring the change in absorbance vs time using an UV-visible spectrophotometer (Shimadzu UV 2450, Milan, Italy). Specific activity calculated in IU of pNA produced [ε mmol = 8.480/ (mmol x cm) for pNA,] (Hale et al., 2005) was expressed as IU/mg of immobilised protein. A blank correction was made using a sample that did not contain enzyme. All measurements were made in triplicate.
Kinetic study The kinetic study of native (free) and immobilised proteases was carried out in wine-like acidic medium fortified with Bz-Phe-Val-Arg-pNA substrate (0-0.5 mmol), using the same amount of enzymatic protein, corresponding to 53 and 20 μg BSA eq. for br and pa, respectively. For immobilised proteases the kinetic study was conducted both in a well mixed batch reactor (Batch) and in packed-bed reactor (PBR) thermostated at 20°C. All experiments were carried out in triplicate in three different Batch and PBR in order to obtain three independent replicates. Kinetic parameters were estimated by a nonlinear regression procedure (GraphPad Prism 5.01, GraphPad Software, Inc.). The K M value (Michaelis-Menten constant) reflects the formation of the enzyme substrate complex, whereas k cat (turnover number) measures the number of substrate molecules turned over per enzyme per minute. Moreover, k cat is indicative of the product release velocity, representing the maximum number of moles of substrate converted to the product per number of moles of catalyst per unit time. This parameter can be obtained from the equation k cat = V max /[E] tot , where [E] tot is the enzyme molar concentration. In addition, K a (affinity constant), being the ratio k cat /K M , indicates the affinity of enzyme towards the substrate. It is indicative of both reaction steps and expresses the overall catalytic efficiency.
Optimisation of packed-bed reactor parameters A PBR containing immobilised bromelain (PBR-br) or immobilised papain (PBR-pa) was used to achieve the protein stabilisation of seven different unfined monovarietal white wines. Firstly, it was necessary to optimise the operational parameters such as flow rate (Q v ), space velocity (S v ) and residence time (τ) using model wine fortified with synthetic substrate (Bz-Phe-ValArg-pNA, 0.22 mmol).
The PBR consisted of an unbreakable glass tube with internal volume of 7.29 cm 3 (11.46 cm in length with a 0.9 cm inner diameter). The column was packed with 5.3 g of biocatalyst and the lower and upper ends of the tube were layered with glass beads (2 cm in thickness). The PBR was connected to the rest of the apparatus and a peristaltic pump (Minipuls 3. Gilson, Milan, Italy) was used for feeding in the model wine, fortified with the synthetic substrate, which moved upwards in the column at varying flow rates (from 0.30 to 15.00 mL/min). Then, samples of the effluent stream were collected and analysed spectrophotometrically at 410 nm in order to evaluate the concentration of the reaction product (C p ), represented by free pNA, as well as the product-formation rate (r p ).
Wine treatment in packed-bed reactor Of each of the above-mentioned white wines, 50 mL were treated in a bench-scale PBR-br or in a PBR-pa, introducing the wine at the optimised flow rate (6.43 and 6.00 mL/min, respectively). Treatment was carried out in triplicate in three different PBR in order to obtain three independent replicates for each wine sample. Then, treated wines were analysed in triplicate order to determine both the hazing potential and the total protein content.
Stability test After the reaction ends in PBR-br or in PBR-pa the stability of immobilised proteases was evaluated by enzymatic activity assay, feeding the model wine fortified with the synthetic substrate (Bz-Phe-Val-Arg-pNA, 0.22 mmol) at the optimised flow rate (6.43 and 6.00 mL/min, respectively). In order to verify that no enzyme activity was present in wine after reaction, 0.1 ml of treated wine was used for the enzymatic activity assay toward the synthetic substrate (Bz-PheVal-Arg-pNA, 0.22 mmol).
Heat test Heat test was carried out on untreated wines and on wine samples treated in PBR (20°C), containing immobilised proteases. The hazing potential of white wines was determined by a heat test: wine samples were incubated at 80°C for 6 h and then kept at 4°C for 16 h (Vincenzi et al., 2011; Pocock and Rankine, 1973) . After equilibration at room temperature (approximately 25°C), haze formation was measured using an HD 25.2 turbidimeter (Delta Hom), calibrated with Formazin turbidity standard, ranging from 0 to 800 NTU (Delta Hom). Turbidity was expressed in nephelometric turbidity units (NTU). Wine stability was calculated as the difference in the wine NTU after and before the heat test. The difference in turbidity between the wine after the heat test and that of the initial wine (ΔNTU) was proportional to hazing potential; moreover, wine is considered stable if this difference does not exceed 2 NTU (Moine- Ledoux and Dubourdieu, 1999) . The turbidity removal yield [TRY(%)] by immobilised NPCP was calculated as the percentage of turbidity removed from the treated wine.
Protein content determination Total protein content of the above-mentioned white wines, before and after enzymatic treatment in PBR, was determined using the potassium dodecyl sulphate method (Vincenzi et al. 2011 ). Proteins were precipitated from 1 mL of wine by adding 10 μL of 10 % (w/v) sodium dodecyl-sulphate and 250 μL of 1 mol KCl. The pellet obtained after centrifugation was then dissolved in 1 mL of distilled water by ultrasonic bath and protein was quantified using the bicinchoninic acid (BCA) protein assay kit (SigmaAldrich, Saint Louis, USA) according to the manufacturer's instructions; bovine serum albumin was used as standard for the calibration curve.
Electrophoretic separation (SDS-PAGE) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed (Laemmli, 1970) . on precast commercial gels of 4-15 % (Bio-Rad, Richmond, California, USA) using a vertical electrophoresis apparatus (Mini-Protean Tetra cell, BioRad, Richmond, California, USA) and standard molecular weight (Precision Plus Protein Standards, Kaleidoscope, Bio-Rad, Richmond, California, USA) were from 10 to 200 kDa.
Samples were prepared by precipitating proteins with four volumes of cold ethanol (−18°C) from 50 μL of wine; the pellet obtained after centrifugation was dissolved in 20 μL of loading buffer (4× Laemmli Sample Buffer) containing 3 % (v/v) of β-mercaptoethanol. All samples were boiled for 5 min and 20 μL was loaded in each well. The run was done until the dye front reached the reference line (about 1 h at 200 V). The gel was fixed and stained with colloidal Coomassie Brilliant Blue G-250. The destaining was done in deionised water.
Effect on phenolic composition of white wine UV-Visible spectra of Sauvignon blanc wine samples (unprocessed, enzymatically treated in PBR-br and bentonite-fined (300 g/hl) were recorded with a Shimadzu UV 2450 spectrophotometer (Milan, Italy), using 2-mm-path-length UVettes (Eppendorf). Samples were scanned from 230 to 460 nm at 1 nm intervals and water was used for the reference scan. Wine sensory analysis A sensory panel was selected and trained in order to determine any perceptible difference in the aroma and flavour properties of the Sauvignon blanc wine samples (unprocessed, enzymatically treated in packed bed reactor containing immobilised bromelain, and bentonitefined ones). A Duo-Trio test, performed according to the normative UNI ISO 10399:2004(E) (2010). was carried out by the panel composed of 10 trained individuals (6 women and 4 men, between 25 and 55 years of age) belonging to the laboratory staff.
Direct analysis of minerals in white wine
Two samples and a reference wine were presented to panellists as 30 mL aliquots in a 3-digit-coded, covered ISO standard wine glass at 22-24°C (4 testing section, n = 40 responses). The presentation order was randomized within tests and between tests, and across judges. They were asked to match the test sample with the reference.
Statistical analysis
Data were analysed by one-way completely randomised Analysis of Variance (ANOVA) with an EXCEL® Add-in macro DSAASTAT (Onofri, 2006) . This followed by Tukey Honestly Significant Difference (Tukey HSD) post-hoc test (α = 0.05) for multiple comparisons of samples.
Results and discussion
Packed-bed reactor optimisation
Bromelain and papain were linked on commercial chitosan beads by a direct mechanism with an immobilisation yield of 30 % (±1) and 29 % (±1), respectively. Enzymatic activity assay and protein content determination carried out on washing solution (2 M NaCl) proved that no enzyme leakage occurred during the following treatment with immobilised proteases.
Two similar PBRs, packed with immobilised bromelain or immobilised papain were constructed as previously described (Fig. 1a) . Each column was fed with model wine fortified with synthetic substrate at varying flow rates, with the aim of optimising the process conditions. These experiments, carried out for both the PBR-br and the PBR-pa (Table 1) , allowed the determination of the relationship between r p and S v , which depends on Q v and bed volume (7.29 mL) (Watanabe et al., 2001; Xia et al., 2004) .
Data in Fig. 1b show that the relationship between r p and S v is represented by a bell shape curve with a maximum of free pNA formation at a S v of 0.88 (for PBR-br) and 0.82 min free pNA yield, obtained with higher S V , decreased significantly for both proteases, indicating that the increase in Q v reduced the contact time between the substrate and biocatalyst surface during passage through the column, as reported by other authors (Laudani et al., 2007) . Moreover, under these conditions of medium, PBR-pa hydrolyzes the synthetic substrate more efficiently than PBR-br (C p 0.10 and 0.035 mM, respectively); both PBR stored at 4°C in model wine, remained stable over 4 days with a proteolytic activity retention of about 70 % for PBR-pa and 60 % for PBR-br after 7 days. Furthermore, no proteolytic activity was detected in wine after PBR process, proving that no enzyme leakage occurred during treatment. The kinetic study of native and immobilised proteases was carried out both in batch mode (Batch) and in packed-bed reactor (PBR) at the optimised flow rate (6.43 and 6.00 mL/ min for PBR-br and PBR-pa, respectively). Kinetic parameters collected in Table 2 prove that papain was more active toward synthetic substrate respect to bromelain, both as native enzyme and in immobilised form. Moreover, the immobilisation affected kinetic properties leading to lower V max and K a values with respect to free papain, independently by the reactor configuration. Both NPCP showed similar catalytic properties in Batch and in PBR, proving that the reactor configuration did not significant affect. As it can be seen (Table 2) , the V max values obtained for immobilised bromelain (PBR-br and Batch-br) were comparable to those obtained for the free form (Free br) and the affinity constant (K a ) were 2.4-2.8 fold higher respect to the native enzyme. ΔNTU Index 0, difference between the turbidity of the initial wine and that of the wine after the heat test White wine hazing potential and protein content reduction by immobilised NPCP in PBR Seven white wines with different native protein stability (ΔNTU Index 0 ) and different total protein content (Table 3) were treated in a PBR-br or in a PBR-pa, at the optimised flow rates (6.43 and 6.00 mL/min, respectively). Preliminary trials on Sauvignon blanc wine have been carried out in order to investigate the potential absorption effect of the support, as such or covered with the proteases firstly immobilised and then deactivated with NaOH 1 N (data not shown). Because of its total protein content as well as its very high intrinsic instability, Sauvignon blanc was selected among the seven wines tested to serve as control wine. The limited absorption effect observed when deactivated proteases covered the chitosan bead (3-7 % in terms of ΔNTU and 3-4 mg/L in terms of total protein content) was subtracted from the data thereafter presented.
Applying the optimised process conditions above mentioned, and a single passage through the PBR, both NPCPs significantly reduced the hazing potential (Fig. 2a) in all tested wines, as well as reducing the protein content (Fig. 2b) , with the exception of the Moscato di Terracina sample, in which the total protein content remains practically unchanged under the three experimental conditions. Moreover, it is worth noting that the effectiveness of the PBR-br, both in terms of deceasing the hazing potential and the total protein, was always significantly higher than that of the PBR-pa (Tukey's HSD test p < 0.05); this behavior was the opposite with respect to those observed toward the synthetic substrate in model wine. The higher efficacy observed for bromelain with respect to papain is probably attributable to their having different affinity and selectivity towards various protein families of wine, as well as their different sensitivities to wine inhibitors. Moreover, the turbidity removal yield [TRY(%)], calculated as the percentage of turbidity removed from the treated wine, ranged from 59 to 96 % for PBR-br and from 25 to 81 % for PBR-pa (Fig. 2a) . The percentage protein reduction ranged from 14 to 68 % for PBR-br and from 4 to 57 % for PBR-pa (Fig. 2b) . Despite the treatment with immobilised NPCP and in particular with PBR-br, stabilized three of the seven tested wines (ΔNTU Index <2), both proteases showed a satisfactory activity under winemaking conditions (20°C), as recently observed for AGP protease (Marangon et al., 2012) . These data proved that treatment in PBR-br could be optimized to improve its stabilization power or it could be applied as preliminary step to reduce bentonite dosage rate needed for wine stabilization.
Because of its total protein content as well as its very high intrinsic instability, Sauvignon blanc was selected among the seven wines tested to serve as a control wine against which to evaluate the effect of PBR enzymatic treatment on the soluble protein profile, the phenolic composition, the mineral component, and the properties of wines. Figure 3 shows results from the SDS-PAGE analysis performed to investigate which proteins from the Sauvignon blanc wine were affected by the enzymatic treatment. When comparing the intensities of bands from lanes Br (immobilised bromelain) and Pa (immobilised papain) with the control lane C it appears that there was a notable decrease in protein content, especially in the band intensities in the 15-25 kDa range, that is those corresponding to TLPs and chitinases which have been identified as the main proteins responsible for haze formation (Marangon et al. 2011a, b) .
Furthermore treatment in the PBR-br appeared most effective in decreasing the two protein fractions (TLPs and chitinases) confirming the preliminary observations on the reduction of both wine hazing potential and total protein amount. In light of these overall results, it was decided to investigate the effect of enzymatic treatment by immobilised bromelain in a PBR on wine phenols, on the main mineral component and on the sensory quality of Sauvignon blanc wine and to compare these results with those for the unprocessed and bentonite-fined wine.
Effect of bromelain-PBR treatment on wine phenolic composition
The UV-Visible spectra of Sauvignon blanc, either that treated in a PBR-br or bentonite-fined, were distinctly different from those of unprocessed wine (Fig. 4) . The absorbance values, at 280, 320 and 420 nm, registered for both of the treated wines, were statistically lower than those seen for unprocessed sample, indicating that removal of phenolic compounds had occurred. Moreover, both at 320 and 420 nm, the absorbance values appeared significantly lower in PBR-br treated Sauvignon blanc, demonstrating that the passage through the packed-bed bioreactor exerted a marked and selective depletion effect toward cinnamic acids (320 nm) and their oxidation derivatives (420 nm), whereas, bentonite fining resulted in an indiscriminate reduction of the overall wine phenolic compounds (280 nm). It is worth noting that the absorbance at 280 nm of bentonite-fined wine was significantly lower with respect to the enzymatically treated sample showing the lesser impact of PBR-br on wine total phenols.
Effect of bromelain-PBR treatment on wine mineral component
Enzymatic treatment had a small effect on the mineral content of Sauvignon blanc wine, for which Al, Si and Mg all showed lower values with respect to the unprocessed sample (Table 4) . On the other hand, the effect of bentonite addition to wine resulted in a significant decrease in the amount of K (about 15 % respect to the unprocessed wine), as well as in a significant increase in the concentration of Al, Be, Fe, Si and Mg, which are probably released from the clay during the fining. These data, in accordance with findings by other authors (Catarino et al., 2008) . showed that the enzymatic treatment is of low-impact and therefore safer with respect to the conventional bentonite fining.
Effect of bromelain-PBR treatment on the overall wine sensory quality
The Duo-trio test allowed the evaluation of whether there were detectable differences between treated and unprocessed Sauvignon blanc. The results (data not shown) proved that bentonite-fined wine was perceived to be significantly different with respect to the unprocessed wine, whereas no significant difference was observed when comparing the enzymatically treated sample with the unprocessed wine. In addition the bentonite-fined wine was perceived differently from the sample treated in PBR-br, again confirming that enzymatic treatment did not affect the sensory profile of wine.
Conclusions
A continuous and easily scalable packed-bed reactor, containing native plant cysteine proteases (bromelain from pineapple stem or papain from Carica papaya latex) immobilised on commercial chitosan beads, was realised in a laboratory benchscale apparatus for which the operational parameters were optimised using model wine fortified with a synthetic substrate. The effectiveness of immobilised bromelain, in terms of decreasing both hazing potential and total protein decrease, was significantly higher than that for immobilised papain, in all the seven unfined monovarietal white wines treated. The turbidity removal yield, calculated as the percentage of turbidity removed from the treated wine, ranged from 59 to 96 % for a packed-bed reactor containing immobilised bromelain and from 25 to 81 % for packed-bed reactor containing immobilised papain, whereas the percentage of protein reduction ranged from 14 to 68 % and from 4 to 57 %, respectively. Despite the treatment with immobilised NPCP and in particular with PBR-br, stabilized three of the seven tested wines (ΔNTU Index <2), both proteases showed a satisfactory activity under winemaking conditions. Treatment in PBR-br could be further optimized to improve its stabilization power or it could be applied as preliminary step to reduce bentonite dosage rate needed for wine stabilization.
Moreover, the most effective protein stabilisation treatment, by immobilised bromelain, did not significantly affect the phenolic composition of wine, its mineral component, nor the sensory quality. Overall, the results proved that enzymatic treatment, precisely for its efficacy in reducing turbidity potential and protein content, while also having little effect on wine quality, could serve as a specific and mild alternative technique to bentonite fining. Glossary BCA, Bicinchoninic acid; CH, chitinases; C p , concentration of the reaction product (mmol); ICP-OES, Inductively Coupled Plasma -Optical Emission Spectroscopy; NPCP, native plant cysteine proteases; PBR, packed-bed reactor; PBRbr, PBR containing bromelain immobilised on BCW; PBRpa, PBR containing papain immobilised on BCW; pNA, pnitroaniline; Q v , flow rate (mL/min); r p , product-formation rate, calculated as C p* Q v (mmol/min); SDS-PAGE, Sodium dodecyl sulfate polyacrylamide gel electrophoresis; S v , space velocity (1/min); TLPs, thaumatin-like proteins; TRY, turbidity removal yield (%) Greek Symbols Ε, molar absorptivity (1/(mmol▪cm)); τ, residence time (min)
